T
he influenza pandemic of 1918-19 resulted in the deaths of many millions of people worldwide (1) and an estimated 550,000 excess deaths in the United States (2) . This exceptionally high mortality rate lowered the average life expectancy in the U.S. by almost 10 years (1) . The severity of the 1918 pandemic is unprecedented; by comparison, the influenza pandemics of 1957 and 1968 caused substantially less mortality, Ϸ70,000 and Ϸ34,000 deaths in the U.S., respectively. The 1918 pandemic was unusual also in that previously healthy adults suffered a disproportionately high rate of mortality (3, 4) . Also of note, the 1918 influenza virus was reported to cause an unusually rapid destruction of respiratory epithelium (5) .
The determination of the sequences of the 1918 influenza virus genes has provided new insights into the nature and origin of this pathogen (6) (7) (8) (9) (10) (11) (12) (13) . Thus far, among the eight viral RNA segments [PA, PB1, PB2, hemagglutinin (HA), neuraminidase (NA), nucleoprotein, matrix (M), and nonstructural (NS)], four complete sequences have been reported: those of HA, NA, NS, and M (6, (9) (10) (11) . Coupling sequence information with a technique permitting the rescue of influenza A viruses entirely from cDNA (14) (15) (16) now permits the generation of recombinant influenza viruses bearing 1918 genes (11) . By using this approach, viruses with different combinations of 1918 genes can now be constructed.
The construction of viruses with multiple 1918 influenza virus genes makes a molecular analysis of the virulence of the 1918 pandemic influenza virus possible. In addition, studies on such recombinant viruses will likely provide insight into the pathogenesis of human influenza in general (17) . However, reconstruction of all or part of the 1918 virus requires that appropriate precautions be taken to protect laboratory workers and the public. Additionally, the available molecular techniques could be used for the purpose of bioterrorism (17) . Moreover, the emergence of a new 1918-like virus from a source in nature cannot be excluded. Thus, it will be important to identify countermeasures targeting 1918 and 1918-like influenza viruses.
Proven measures for influenza prophylaxis include vaccines and antiinfluenza virus drugs (18) . A high-containment production facility would likely be required to produce a vaccine derived from an influenza virus expressing the 1918 virus surface glycoproteins. Therefore, development of a 1918 influenza vaccine may be problematic, and alternate approaches such as the identification of avirulent, surrogate vaccine strains or the use of alternate vectors expressing the 1918 HA might be required. An approach more immediately available would be the use, for treatment and͞or prophylaxis, of existing antiinfluenza virus drugs, provided they could be shown to be effective against the 1918 influenza virus. The currently available, U.S. Food and Drug Administration-approved antiinfluenza drugs fall into two classes, NA inhibitors and viral M2 ion-channel inhibitors. The viral NA inhibitors target the viral surface glycoprotein NA. The viral NA functions to remove neuraminic (sialic) acid residues from glycoproteins and glycolipids at the cell surface (19) (20) (21) . This activity removes potential binding sites for the viral HA during the budding process and facilitates virus release. When NA is inhibited, newly formed viral particles aggregate on the surface of infected cells, and viral spread is blocked (20) . The M2 inhibitors amantadine and rimantadine block the ion-channel activity of M2, a protein encoded by genome segment 7. The viral M2 ion channel, although not strictly required for viral infectivity in tissue culture (22) , performs an important function during viral entry (23) . Both classes of drugs, NA inhibitors and M2 inhibitors, can be clinically effective for the treatment or prophylaxis of influenza A virus infections (24) .
We have generated recombinant influenza viruses possessing the HA, NA, or M segments of the 1918 pandemic influenza virus. Using these viruses, we demonstrate the efficacy of NA inhibitors against recombinant influenza viruses possessing these reconstructed 1918 virus genes. Because function of the viral NA is tied to HA function (25, 26) , analysis of NA-inhibitor activity against the 1918 NA is best performed on a virus bearing both the 1918 HA and 1918 NA. We show that viruses with the 1918 virus NA or both the 1918 HA and 1918 NA are sensitive to NA inhibitors. We also demonstrate the efficacy of the M2 ion-channel inhibitors amantadine and rimantadine against an influenza virus bearing the 1918 virus M segment. These results suggest that the existing antiinfluenza drugs would be effective for prophylaxis against a re-emergent 1918 influenza virus and also might provide benefits when used to treat such infections.
Materials and Methods
Generation of 1918 HA, NA, and M cDNAs and Recombinant Viruses.
The 1918 HA, NA, and M cDNAs were constructed by PCR using overlapping deoxyoligonucleotides corresponding to the published sequence of the influenza A͞South Carolina͞1͞18 (H1N1) virus HA (10) ORF, the influenza A͞Brevig Mission͞ 1͞18 (H1N1) virus NA (9) ORF, or the influenza A͞Brevig Mission͞1͞18 (H1N1) virus M ORF (6) . The noncoding regions of each segment are identical to that of the corresponding segment of influenza A͞WSN͞33 (H1N1) virus (WSN). Primer sequences and PCR conditions are available on request.
Recombinant viruses were generated by using the reverse genetics system of Fodor et al. (16) following the methods of Basler et al. (11) . The generation of viruses possessing 1918 genes was performed under biosafety level 3 (agricultural) containment (27) . All subsequent work with live virus also was performed under these containment conditions. The identity of the 1918 influenza virus genes in the recombinant viruses was confirmed by RT-PCR and sequencing.
Mouse Experiments. Male BALB͞c mice, 6-7 weeks old (Simonsen Laboratories, Gilroy, CA), were anesthetized with ketamine͞xylazine (1.98 and 0.198 mg per mouse, respectively) and inoculated intranasally with the indicated virus dose. Mice were housed in cages inside stainless steel isolation cabinets, ventilated under negative pressure with HEPA-filtered air. All animal work was performed in specially separated negative-pressured HEPA-filtered rooms within the larger biosafety level 3 (agricultural) building. All personnel wore half-body Rocal hoods with backpack HEPA-filtered air supplies.
Susceptibility of 1918 NA to NA Inhibitors in Vitro. Zanamivir (Glaxo Wellcome) and oseltamivir carboxylate (GS4071, generously provided by Michael J. M. Hitchcock at Gilead Sciences, Foster City, CA) were tested for their ability to inhibit NA in vitro. NA assays were performed at 37°C by using a phosphate buffer and 4-methyl-umbelliferyl-N-acetyl-neuraminic acid as substrate as described (28) . Plaque-reduction assays were performed on Madin-Darby canine kidney (MDCK) cells as described (29) .
Susceptibility of 1918 NA and 1918 HA͞1918 NA Viruses to NA

Inhibitors in Vivo.
To measure the ability of oseltamivir (Hoffman-La Roche, distributed by Roche Laboratories, Nutley, NJ) to protect mice from lethal challenge with the 1918 HA͞1918 NA virus, mice were administered oseltamivir once daily for 6 days, beginning 24 h before intranasal infection with 10 LD 50 units of 1918 HA͞1918 NA virus. The drug was administered by oral gavage at a dose of 50 mg͞kg of body weight. Mice were examined daily.
Sensitivity of Recombinant Viruses to Amantadine͞Rimantadine in
Vitro. Amantadine hydrochloride and rimantadine hydrochloride were obtained from Sigma-Aldrich. Sensitivity of recombinant influenza viruses in tissue culture to amantadine or rimantadine was assessed with a plaque-reduction assay with modifications of methods described previously (29, 30) . Virus stocks used for plaque-inhibition assays were grown and titrated on MDCK cell monolayers. Confluent MDCK cell monolayers were washed with serum-free DMEM and inoculated with 100 plaqueforming units (pfu). The 100-l virus inoculum was allowed to adsorb for 1 h at room temperature, shaking every 15 min to keep the wells covered. The unabsorbed virus then was removed by washing the cells two times with Eagle's minimal essential medium. A 1.6% melted agarose overlay containing equal volumes of 2ϫ L-15 (BioWhittaker) medium and the appropriate drug concentration was added to duplicate monolayers. The drug concentrations applied were 1.5, 0.15, 0.015, and 0.0015 g͞ml. After 48 h at 37°C, plates were stained with 1% crystal violet, and plaques were counted.
Sensitivity of Recombinant Viruses to Rimantadine in Vivo.
Mice were infected via the intranasal route as described above with 10 LD 50 (10 4 pfu) of wild-type WSN virus or 1918 M virus, or mice were infected with 10 6 pfu of a WSN virus containing the M segment from influenza A͞Udorn͞72 (H3N2) virus (Udorn M virus) (1 LD 67 ). The mice then were mock-treated with PBS or treated with 40 mg͞kg of body weight of rimantadine hydrochloride in PBS beginning 6 h postinfection and once daily for 4 days. One group of mice was left uninfected and treated with rimantadine hydrochloride. Mice were examined daily for weight loss and death.
Results
Construction of Recombinant Viruses with 1918 Influenza Virus Genes.
The genes encoding the 1918 pandemic influenza virus were reconstructed from deoxyoligonucleotides and correspond to the reported 1918 virus coding sequences (6, 8, 9) . Genes from other influenza viruses used in the construction of control viruses were generated by RT-PCR from purified viral RNA. Recombinant influenza virus genes were cloned into a plasmid such that each would be expressed in vivo as an influenza A virus viral RNA (31) . These segments were rescued into live viruses as described (11, 16) . Those viral segments not derived from the 1918 influenza virus were derived from the mouse-adapted WSN virus unless indicated otherwise. The identity of the recombinant viruses was confirmed by analysis of RT-PCR products (data not shown). All work with viruses containing 1918 influenza virus segments was performed under biosafety level 3 (agricultural) containment (27) .
Characterization of Viruses Possessing the 1918 HA and͞or 1918 NA.
The HA and NA of influenza A viruses have been implicated as virulence factors in birds and mice (32) (33) (34) (35) (36) . We therefore were interested in the influence of the 1918 HA and 1918 NA on virulence of the recombinant viruses in mice. Introduction into virus of either the 1918 HA or 1918 NA individually led to attenuation in mice, a 56-fold increase in LD 50 , compared with the isogenic wild-type WSN virus (Table 1) . A recombinant virus possessing the HA of inf luenza A͞New Caledonia͞20͞99 (H1N1) virus (New Cal.) was much more attenuated in mice (Table 1) . Interestingly, a virus that possessed both the HA and NA of the 1918 influenza virus (1918 HA͞1918 NA virus) was able to kill mice with an efficiency identical to the mouseadapted WSN virus. This was evidenced by the 50% lethal dose (LD 50 ) titers in 6-to 7-week-old BALB͞c mice as well as similar degrees of weight loss and similar lung titers in infected mice (Table 1) . In contrast, a recombinant virus with both the HA and NA of the New Cal. virus was highly attenuated relative to the 1918 HA͞1918 NA virus or wild-type WSN virus ( Table 1) .
Susceptibility of the 1918 Influenza Virus NA to NA Inhibitors. When plasmids that express the influenza A virus polymerase proteins PA, PB1, PB2, and the nucleoprotein are cotransfected into 293T cells, the viral RNA-dependent RNA polymerase is reconstituted. This reconstituted RNA-dependent RNA polymerase is able to transcribe and replicate coexpressed viral RNAs (31) . By this method, the 1918 NA and two other N1 NAs, those of the WSN virus and a recent human isolate (New Cal.) were expressed from appropriate plasmids. Lysates were prepared from the transfected cells and assayed for NA activity by using the low molecular weight fluorescent substrate 4-methyl-umbelliferyl-N-acetyl-neuraminic acid. The extracts were adjusted to equivalent levels of NA activity and tested for sensitivity to two NA inhibitors, zanamivir and GS4071 (oseltamivir carboxylate), the active form of the pro-drug oseltamivir. The three NAs displayed nearly identical sensitivities to the two drugs ( Fig. 1 a and b) , and the in vitro sensitivity of the 1918 NA was similar to that reported for other influenza N1 NAs (37) (38) (39) . No NA activity was detected in the absence of NA plasmid (data not shown).
The sensitivity in tissue culture of recombinant viruses that possess the 1918 NA, in combination with the HA of either WSN or the 1918 virus, was measured in a plaque-reduction assay (29) . Plaque formation by the 1918 NA or 1918 HA͞1918 NA virus was inhibited almost completely by GS4071 at concentrations that also inhibited wild-type WSN virus growth (Fig. 2a) . The NA inhibitors also were found to be effective in vivo. Orally administered oseltamivir was able to effectively protect 90% of mice from lethal infection (10 LD 50 ) with the 1918 HA͞1918 NA virus (Fig. 2b) . These results suggest that NA inhibitors could be used effectively in humans for prophylaxis and possibly treatment of 1918 influenza virus infection. This virus replicated similarly to wild-type WSN virus in tissue culture and had an LD 50 similar to wild-type WSN virus after intranasal administration to mice ( Table 1) .
The sensitivity of the 1918 M virus to amantadine or rimantadine was assessed in a plaque-reduction assay (29) . As controls, wild-type WSN virus, an amantadine͞rimantadine-resistant virus, and a WSN-based virus with the M gene of the amantadine͞rimantadine-sensitive Udorn virus (Udorn M virus) (22, 23) also were included. The sensitivities of both the 1918 M and Udorn M virus at various concentrations of amantadine (Fig. 3a) or rimantadine (Fig. 3b) were nearly identical, with Ͼ90% inhibition at 15 ng͞ml of either drug. As expected, WSN virus was resistant to both drugs (Fig. 3) .
To determine the in vivo susceptibility to rimantadine of viruses encoding the 1918 M2 protein, mice were infected intranasally with lethal doses (10 LD 50 ) of the rimantadine-resistant wild-type WSN virus (23) or the 1918 M virus. Mice also were infected with an Ϸ67% lethal dose (10 6 pfu) of Udorn M virus. For the latter virus, this was the highest dose that could be administered intranasally. The mice then were mock-treated or treated via the i.p. route with rimantadine 6 h postinfection and once daily afterward, a method used previously to assess virus sensitivity to rimantadine (40) . All mock-treated mice infected with either wild-type WSN or 1918 M virus died (Fig. 4a ). In addition, approximately two-thirds of mock-treated mice infected with 10 6 pfu of the Udorn M virus died (Fig. 4a) . [The precise reason for the higher LD 50 seen with this virus is not clear, but the generation by reassortment of viruses possessing different M segments has resulted in attenuation in some cases (41, 42) .] In all mock-treated mice, illness was apparent as indicated by body-weight loss (Fig. 4b) . In contrast to the mock-treated mice, all mice infected with the 1918 M or Udorn M viruses and treated with rimantadine survived (Fig. 4a) . These treated mice also suffered relatively mild illness, losing an average of 10% of their body weight versus the Ϸ30% weight loss seen in lethal infections (Fig. 4b) . As expected, mice infected with the rimantadine-resistant wild-type WSN virus succumbed to infection even with rimantadine treatment (Fig. 4a) .
Discussion
The availability of prophylaxis and treatment measures for highly lethal human pathogens is a major consideration in planning a response to potential future outbreaks. In the case of the 1918 influenza virus, the availability of such measures could be used to meet the threat of a re-emerging 1918 virus, whether the virus emerged through a natural route or through intentional reconstruction and release. The most successful approach to controlling influenza has been vaccination (18) . However, during the period of vaccine development, antiviral drugs could provide an effective method to control virus spread and treat affected individuals, provided that sufficient supplies were available and effective means of distribution were in place (43, 44) . The identification of effective strategies to prevent and treat infection by viruses possessing the 1918 NA or M genes should also facilitate the further analysis of these and other viruses possessing 1918 pandemic influenza virus genes; the availability of effective prophylaxis and͞or treatment measures for laboratory workers addresses a major safety concern related to research on highly virulent pathogens. Of the antiinfluenza virus drugs available, the M2 inhibitors have a longer history of use than NA inhibitors. Studies performed during the 1968 H3N2 and 1977 H1N1 pandemics reported chemoprophylaxis efficacies of 59-100 and 31-71%, respectively (43) . Based on an analysis of the sequence of the 1918 virus M2 transmembrane domain, sensitivity of the 1918 M2 ion channel to amantadine and rimantadine would be predicted (6) , and our data confirm this prediction. Mice were protected completely from death after administration of 10 LD 50 of the 1918 M virus by using a postinfection treatment regimen where drug was administered shortly (6 h) after infection. These data predict that amantadine or rimantadine would be effective also if used for prophylaxis against the 1918 M virus, because sensitivity of influenza A viruses to either prophylaxis or treatment depends on the properties of the M2 ion-channel protein.
The effectiveness of M2 inhibitors in humans for prophylaxis against a complete 1918 virus therefore is highly likely, and they also might provide benefits when used as a treatment.
Our recombinant viruses possessing the 1918 NA gene are susceptible to the NA inhibitors zanamivir and oseltamivir. These drugs have been shown to be effective for human prophylaxis against both influenza A and B viruses, although there is no experience using them during an influenza pandemic (43, (45) (46) (47) (48) . NA inhibitors have be used also to treat infection, the primary clinical benefit being an increased (1-1.5 days) rate of recovery, but as with the M2 inhibitors, clinical efficacy requires early administration (24) .
Although resistant mutants can be generated with NA inhibitors, these mutants may prove less problematic than amantadine͞ rimantadine-resistant mutants (49, 50) . The frequency of resistant mutant isolation has been relatively low with NA inhibitors (24) , and data from animal models suggest that the resistant mutants are attenuated, showing decreased virulence and transmission (51, 52) . Previously described NA inhibitor-resistant viruses possess mutations in either the HA or NA gene. Mutations in the NA conferring resistance of the enzyme to inhibitors include substitutions at active site residues 119, 152, 274, and 292 (using N2 NA numbering; residues 119,152, 275, and 293 of the 1918 NA) (53) . The 1918 NA possesses the conserved wild-type residues at these positions (9) . Mutations in the HA that confer on viruses resistance to NA inhibitors include substitutions that decrease the affinity of HA for sialic acid (53) . Because it is possible that mutations other than those already identified will also be able confer resistance to NA inhibitors, it was important to assess the sensitivity of both the 1918 NA enzyme and viruses possessing the 1918 NA and HA for sensitivity to currently approved NA inhibitors. Both zanamivir and oseltamivir carboxylate were found to inhibit in vitro the 1918 NA to the same degree as the NA of the WSN or New Cal. viruses (Fig.  1) . Oseltamivir treatment was found also to protect mice from death after administration of drug beginning 24 h before intranasal infection with 10 LD 50 units of 1918 HA͞1918 NA virus (Fig. 2) . Given the effectiveness of NA inhibitors in mice against our recombinant viruses, it seems likely that prophylaxis of humans with NA inhibitors would be effective against a complete 1918 or a 1918-like virus. Our data also suggest the possibility that prompt treatment with these drugs would provide a benefit to individuals suffering from infection with such a virus.
The virulence of the recombinant virus with both the 1918 HA and 1918 NA is intriguing. It was also surprising given that the 1918 HA and 1918 NA genes were derived directly from a human virus without prior mouse adaptation. Typically, strains of influenza A viruses become lethal in mice only after they are adapted to growth in these animals. Exceptions include some of the H5N1 viruses isolated in Hong Kong in 1997, which displayed high virulence in mice without prior mouse adaptation (53) (54) (55) (56) ; these viruses were also highly virulent in humans (57, 58) . One of the possible explanations for the virulence of the 1918 HA͞1918 NA virus in mice is that its HA and NA are ''compatible'' with each other and this compatibility, in combination with six mouse-adapted genes, is sufficient for virulence. However, when both the HA and NA of the New Caledonia strain were tested in a WSN background, the virus was highly attenuated (Table 1 ). These data suggest that the 1918 HA and NA genes might possess intrinsic high-virulence properties.
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